Introduction
Enterprise process management is realized by means of managing business processes. The business process contains a sequence of actions in manufacture of products or creation of services that are of value to consumers. The business process management is performed using models of these processes [1] . The business process model contains all possible sequences of actions with indication of constraints, conditions and admitted results of these actions. As usual, terms and constraints specify resources (materials, executors, equipment) required for execution of actions. As a result of each action, state of the business process changes [2] .
Effectiveness of process management is determined by completeness of knowledge about possible sequences of the business  V. Levykin, O. Сhala, 2018 process actions in the current environment conditions. Adequacy of the process model depends on completeness of knowledge about the business process. Such knowledge is commonly used in modeling business processes. After completion of the business process, knowledge is refined and the model is corrected at the stage of analysis of the business process life cycle.
However, for the knowledge-intensive processes [3] , solution of the problem of knowledge incompleteness is associated with the difficulties caused by knowledge flexibility and multivariances. Taking into account the current state of the subject field, qualified executors of these processes can create new sequences of the actions not included in the existing model. Executors typically change the process by using their implicit knowledge. This knowledge takes personal experience into consideration, it looks like contextual templates of actions and cannot be obtained by conventional methods of knowledge engineering. Personal knowledge is difficult for examining, therefore, after intrusion of the executor, it is necessary to evaluate the current state of the business process as well as the probability of transition from the current to the target state. Relevance of such an assessment consists in that its results can be used to support decision making when realizing the business process management.
Literature review and problem statement
It was shown in [1] that to solve the problems of process control, all knowledge on possible versions of execution of the business process should be included in its model. However, existing approaches make it possible just partially elucidate knowledge of executors. Study in this direction involves structuring of implicit knowledge of executors into a number of basic elements, in particular: professional understanding of tasks, corporate values, context-based experience [3] . The highlighted items are included in the knowledge objects in the business process model, as shown in [4] . From the point of view of process management, the key disadvantages of these approaches are as follows. First, the mentioned knowledge structuring does not allow one to represent the reasons for changing the sequence of the process actions in a particular situation as formal dependences, constraints and conditions of action execution. Secondly, it is impossible to prognosticate further admissible sequences of actions. Thirdly, singling out of knowledge elements requires qualified experts familiar with the processes in the given subject field.
An alternative approach to using knowledge of executors in the business process models is used in creation of virtual enterprises. As shown in [5] , when this approach is used, ontology of subcontractors is formed. To complement this ontology, multi-agent technology is used. The use of ontologies enables adapting of the business process with taking into account features of the current sequence and capabilities of subcontractors. However, the subsequent selection of subcontractors and correction of the sequence of actions also depend on the formal knowledge of the business process and combined with the personal knowledge of executors. This limits application of the given approach to support the process management.
The process management support based on comparison of the known "as it should be" business process model and the "as is" model is realized with application of the process mining methods. The latter model reflects impact of implicit knowledge of executors on sequence of the business process actions. When constructing the "as is" model, event logs of the business processes are used. As shown in [6] , this model can be formed as a graph with the use of the BPMN notation. Analysis of this graph allows one to represent knowledge of the business process in the form of conditions and constraints of execution of the sequence of works. In the case of more complex logs containing mixed sequences of events from several business processes, the required dependences can be obtained after filtering the log by the method proposed in [7] . In order to form such implicit dependences, application of relational nets has been proposed in [8] based on the results of analysis of the event log. Consideration of the studied approaches makes it possible to identify conditions and constraints for executing the business process actions. However, they do not ensure forecasting of the sequence of the business process actions in a new, non-standard situation, e.g. when an executor intervenes because of a conflict when accessing the resources of several business processes.
When resorting to forecasting in view of the lack of information on future external influences, it is necessary to consider not only logical but also probabilistic nature of the forecasted sequences of actions. Markov logic networks [9] are used to represent logical and probabilistic dependences. Adaptation of Markov logic networks for their application in process management was discussed in [10] .
However, the problem of forecasting allowable sequences of actions with taking in account probabilities of execution of these actions relative to the current state of the business process for decision support of the process management still requires its solution.
The aim and objectives of the study
This study objective was to develop a method of probabilistic logical inference of admissible sequences of actions to achieve final state of the business process taking into account its current state.
To achieve this objective, the following tasks were solved: -to develop models of temporal rules of execution of sequences of actions of a business process on the basis of analysis of its event log;
-to substantiate the possibility of the process management support based on the probabilistic inference in the Markov logic network with the use of rules of execution of the business process actions;
-to verify experimentally the proposed method of probabilistic inference.
Development of models of temporal rules of executing actions of the business process on the basis of analysis of its event log
Event logs have the following properties essential for probabilistic inference: 1) information on the business process execution is represented as a set of routes consisting of events;
2) each route contains a sequence of events <e 1 , e 2 ,…, e j , e j+1 ,…> corresponding to the sequence of actions in a single execution of the business process;
3) each event records execution or change of state of the corresponding process action; events of the route are ordered according to time markers;
The C ¥ constraints a set of potentially possible business process execution routes. That is, the condition L={p i |C ¥ } must be met for all business process execution routes realized and known from the a priori model. The set of rules C which define potentially admissible sequences of events consists of constraints C ¥ and conditions C f . Unlike C ¥ , C f conditions may be violated with a non-zero probability.
Arrangement of events in accordance with (1) and (3) determines formation of two types of temporal rules. The sequence (1) specifies the rule of successive execution of two business process actions, that is, the rule of the neXt: с neXt =e j , Xe j+1 type. The sequence of events (3) sets the rule of the Future type for execution of a sequence of actions which leads to the business process target action. This rule is set by the initial and target actions that are represented by the initial, e j , and target, e n , events on the log route. This rule has the form: с Future =e j ,Fe n . The generalized rule has the form: с=(e j ,Xe j+1 )Ú(e j ,Fe n ), j<n£J. Combining of the rules of both types to describe constraints and conditions allows one to represent in more detail admissible sequences of the business process actions.
In accordance with properties (1) and (2), the set of the business process routes recorded in the event log L contains only the sequences of actions that have been realized in practice. That is, the log contains only a subset of possible routes П of the business process: LÎП. The set of possible routes of the log contains a set of known routes as well as a set of ordered potentially admissible routes p i new :
The purpose of ordering of potentially admissible routes is to identify the routes most suitable for realization in the current environment conditions. Obviously, the routes in which the rules are fulfilled more often are typical, i.e. suitable for execution for a large number of the environment conditions. Such routes will have a smaller index in the tuple of expression (5) .
Example 1. Let a double-executed business process is recorded in log L and it consists of the following completed event sequences:
L={áe 1,1 , e 1,2 , e 1,4 , e 1,5 ñ, áe 2,1 , e 2,2 , e 2,3 , e 2,4 , e 2,5 ñ}.
The log events are recorded according to the time of their occurrence, i. e. the second event e 1,2 appears later than the first event e 1,1 : t 1,2 >t 1,1 , event e 1. 4 later than e 1,2 : t 1,4 >t 1,2 , etc. Each event contains a record of the business process execution. Action is defined by the second index of event, i.e. events e 1,1 and e 2,1 contain records of execution for the first action, e 1,2 and e 2,2 for the second action, etc. According to the expressions (2) and (3), the following temporal dependences between the pairs of events are fulfilled on the first route p 1 : These dependences include conditions and constraints on the admissible sequences of the business process actions. 4) each event is characterized by a set of the same attributes with different values; 5) attributes of an event are at the same time attributes of artifacts, i.e. the objects used by the business process; 6) the set of values of the artifact attributes at the current time moment describes the conditions for starting actions of the business process at this moment.
Properties (2) and (3) determine advantage of one event over the other for each pair of consecutive events (e j , e j+1 ) from one route in executing the business process. This advantage is usually represented in the form of the rule "if e j then e j+1 " which connects causes and consequences of relevant actions of the business process. However, in the case of the event log, this advantage is only defined in the temporal aspect: when the business process is executed, the e j event occurs first and then the e j +1 event occurs. Considering this aspect, advantage of the e j event over the e j +1 event is expedient to represent using the X(neXt) operator of the temporal logic [11] . This operator specifies truth of the event following the current one, so the dependence has the following form: e j Xe j+1 .
Definition 1. The atomic sequence for a pair of events from the log route is determined for a pair of events in the case when these events are recorded in two consecutive discrete moments of time t j and t j+1 , that is, there is no other event between them:
Define the p route of the business process event log as a sequence of events in time with a given sequence for each pair of successive events:
where e j , e j+1 are two successive log events that arose at t j and t j+1 time moments. Based on the sequence for a pair of events, the entire log route is arranged making it possible to determine the possibility of achieving the final e J event as follows:
e Fe e Xe X Xe
where F is the operator of the temporal modal logic which specifies occurrence of an event in the future. In accordance with properties (1)- (3), define constraints on the sequence of events of the business process route. The L event log consists of a set of p i routes that were recorded during multiple execution of the business process: L={p i }. The atomic sequence for the event pairs (e j , e j+1 ) is strict if it is executed on all known routes of the log. Denote the strict sequence for the pairs of events with the help of index ¥ for the modal operator: X ¥ . Next, define the strict sequence for a pair of events (e i,j , e i,j+1 ) from the route p i as follows:
The sequence e i,j X ¥ e i,j+1 specifies the set of known constraints on the admissible sequences of actions for execution of the business process. The strict sequence e i,j F ¥ e i,n for a pair of events between which there are other events, is specified in the same way.
Definition 2. The C ¥ constraint on a sequence of events in a business process route is a conjunction of pairs of events for which a strict sequence is assigned.
In accordance with expression (4), the constraint for a given business process combines all dependences that are fulfilled on both routes which makes it possible not to take into account the first index for events: A set of conditions includes all other dependences that have been fulfilled on at least one of the routes of the business process. Therefore, it is expedient to delete the route index from description of these dependences: 
¥ should be fulfilled on each of these routes. The conditions for each business process route are determined by the conjunction of a subset of elements with C ≻ . In particular, the plurality of above-mentioned constraints and conditions e 2 Xe 3 Ùe 1 Fe 3 represent knowledge of such admissible new sequence of actions: 1, 2, 3, 5.
The method of probabilistic inference of admissible sequences of actions in relation to the current state of the business process
The proposed method uses knowledge representation based on the Markov logic network. The main feature of this representation is combination of logical and probabilistic components in describing logical facts and cause-and-effect relations to specify possible states and action sequences of knowledge-intensive business processes.
General representation of knowledge that takes into account sequence of log events is as follows: 
where c m ¥ is the constraint; w m is the constraint weight; c j ≻ is the condition; w j is the condition weight; a i, J k is the value k of the attribute of the current event e i,J ; P(A={a i, J k }) is the probability of achievement of the target event e i, J specified by the set of values of attributes {a i, J k }) in relation to the current state of the business process characterized by the event e i,j .
In accordance with properties (4)-(6) of the event log, when calculating constraints c m ¥ and conditions c j ≻ , each event is specified as the logical facts based on the values of attributes of the business process artifacts, i. e. e i,j = =f i ({a i, J k }). Later on, in formation of constraints and conditions, events (or the route) will be considered as a whole, without attribute detailing. The weight w j for conditions c j ≻ is calculated taking into account probability of their occurrence in accordance with the expression traditional for the Markov networks:
where Z is the distribution function used for valuation.
Since the values of attributes {a i, J k } determine the final event of the route, the corresponding route p i new can be specified instead of them as an argument. The basic algorithm of calculating the weights of conditions is given in [9] . The weight of the rule determines probability of fulfillment of the corresponding dependence: the greater the weight, the oftener this dependence is fulfilled. The value of weight ¥ for constraints determines their fulfillment for all possible realizations of the business process.
The problem of probabilistic logical inference in representation of knowledge (6) has the following subproblems: verification of the possibility of successful completion of the business process in relation to its current state; identification of the best sequence of actions (events) for the successful completion of the business process.
The results of these subproblems enable support of decision making in the event that an executor changed sequence of the process and the new sequence was not executed by other versions of the business process, i. e. p i new
ÏL.
The probabilistic inference method uses the following initial data: the event log L containing routes of the previous business process realizations as well as the current route; limit time for recording the event sequence, stl; conditions C ≻ for execution of actions. The method includes the following stages.
Stage 1. Filtration of the subset l of the input routes of the event log.
The business process log contains records of execution of a significant number of versions of the business process. Due to improvement of the business process, over time, the outdated routes may not correspond to its current behavior. Each event contains a time marker. Therefore, filtration of routes of the event log is performed using these markers according to the condition of the critical time of route recording, At this stage, only those conditions c j ≻ are considered which connect events from a subset of routes with l, that is, the following condition is fulfilled: $p i : c j ≻ true.
Step 3. Selection of constraints C ¥ and clarification of conditions for the subset of the log routes, l.
At this stage, the following dependences c j ≻ are selected from the set C ≻ for which "p i Îl c j ≻ =true is fulfilled. These dependences are excluded from the C ≻ and introduced into the set of constraints. From C ≻ , the conditions are additionally removed that include events from the set of constraints C ¥ . For those conditions that are left, weights and values of the distribution function Z are calculated. The algorithms given in [9, 11] are used in calculation.
Stage 4. Selection of a subset of events E l from the routes p i Îl that do not fulfill the constraints C ¥ obtained in Stage 2. The condition for selection of the event e j is as follows: "e j ÎE l ∄c m ¥ =true. The route index is not used in this condition since events from all routes are selected. That is, one event from the E l set can be recorded on several log routes. Additionally, the last event of the current route is deleted since it cannot be used to form new routes.
The purpose of this stage is to reduce the number of potentially possible routes that will be formed at Stage 5. The set of possible routes is defined as a sum of all possible placements for the selected set of events. The number and sequence of the events that satisfy the constraints is unchanged on all routes of the subset l which reduces the number of placements. The event e 4.6 is the last event recorded in the log of the business process that is executed (that is, t 4,6 corresponds to the current time). The sequences of events are ordered according to the execution time of four business process versions, that is: t 4,6 >t 4,1 >t 3,5 >t 3,1 >t 2,5 >t 2,1 >t 1,5 >t 1,1 .
2. Limit time of recording the route which is t l >t 1,5 .
3. The set of conditions for all four sequences of events: The procedure for formation of these conditions is given in subsection 4.
The result of Stage 1. Since, t l >t 1,5 , the first sequence of events is deleted from further consideration and the subset l has the following form: l={áe 2,1 , e 2,2 , e 2,4 , e 2,5 ñ, áe 3,1 , e 3,2 , e 3,3 , e 3,4 , e 3,5 ñ, áe 4,1 , e 4,2 , e 4,6 ñ}.
The result of Stage 2.
After deletion of the first sequence of events from the set C ≻ , the dependence e 3 Xe 5 associated with it is deleted and the set of conditions takes the following form: The results of Stage 3. The dependences that are true on all routes with l are separated from the set of conditions. These dependences form constraints on execution of the business process actions. The conditions and constraints obtained are as follows: The conditions e 1 Fe 3 , e 1 Fe 4, e 1 Fe 6 are deleted from the set C ≻ since they are decomposed into a sequence of conditions and constraints. In particular, the condition e 1 Fe 3 is detailed through the constraint e 1 Xe 2 and the condition e 2 Xe 3 . The weight of conditions and the value of the distribution function Z are calculated in accordance with [11] . The weight of conditions is given in the set C ≻ in brackets after the dependence. The greater the weight the lower probability of rule violation. All constraints have weight ¥: they cannot be violated during the process. This determines exclusion from further consideration of the events related to constraints. The value of Z is 19.18.
The result of Stage 4. When forming a subset of events E l in accordance with the constraint e 1 Xe 2 , the first event is not taken into consideration. Events e 2 and e 5 are also not taken into account in formation of placements because of action of the e 2 Fe 5 constraint. The e 6 event represents current state of the business process and is also ignored. The resulting set has the form E l ={e 3 , e 4 }. (5) , combines the already realized and admissible sequences of events has the following form: P={áe 2,1 , e 2,2 , e 2,4 , e 2,5 ñ, áe 3,1 , e 3,2 , e 3,3 , e 3,4 , e 3,5 ñ, áp 5 new , p 6 new ñ}.
Experimental verification of the method of probabilistic inference on the example of after-sales service process
A simplified model of the business process of after-sales service of electronic devices was considered. The process description in the log contained 5 typical routes with two sequences of events. At the moment of simulation, the business process was in a state of transition to a warranty repair. This status was represented in the log by the current event e i,10 . The state was non-typical since the event e i, 10 did not belong to known completed routes.
The objective of the experimental verification was, firstly, to determine a set of potentially admissible routes p i new from the current event e i,10 to the known final event , 8 . i e Secondly, it was necessary to make sure that the new routes were in line with the existing approaches to service. In order to achieve the stated objective of the experiment, potentially admissible routes were formed, their probabilities were de-termined and the events of these routes were analyzed taking into account description of the relevant business process actions.
When realizing the probabilistic inference, the log of events of the business process as well as the conditions constraints on execution of actions were used.
Routes of the event log
Incoming routes of the event log are listed in Tables 1, 2 . Table 1 contains the log of the business process consisting of 5 known routes: p 1 , p 2 , p 3 , p 4 , p 5 and one current route p 6 new . Each event has two indices: the route index and the business process index. For example, the e 5,9 event is the third event of the route p 5 which performs the ninth action of the business process.
The indexed list of the process actions relevant to the log's events is given in Table 2 .
The graph of the process is shown in Fig. 2 Table 2 Business process actions The set of possible routes is the set of all business process event locations, excluding the current event, e i, 10 . That is, the length of the possible route can vary from 1 to 10 events. However, taking into account the constraints and absence of cycles, it is necessary to exclude events e i,1 , e i,2 , e i,10 from the potential route. Also, the last event e i,8 is excluded since the achievement of this event indicates completion of the business process. Thus, the set of possible routes is equal to the sum of the number of placements from 6 by 1, from 6 by 2, ..., from 6 by 6 and amounts |{p i new }|=1965.
2. Conditions and constraints for the sequence of actions for potentially admissible routes of the business process
This section presents the results of Stage 3 of the probabilistic inference method. Constraints are given in Table 3 . All constraints were assigned weight ¥ to ensure their unconditional execution within the framework of the model of knowledge representation based on the Markov logic network [9] . The following constraints do not use the route index for events because these events belong to all log routes.
Later on, when determining new routes, the first index will also not be used since all events with the same action index reflect execution of the same action for different realizations of the business process.
As a result of applying the above constraints and taking into account the current state of the business process e 10 , the maximum number of elements of the new route was 4: {e 4 , e 5 , e 6 , e 9 }. The number of possible routes |{p i new }|=64, that is, we have managed to reduce complexity of the forecasting task for this business process by about 30 times.
The conditions for the business process are presented by the rules of the NeXt and Future types given in new is characterized by a conjunction from a subset of the given conditions. The sum of weights of such conditions is the route potential and, according to (7) , sets the probability of its realization. 
3. The results of the probabilistic inference
The results of the method functioning are shown in Table 5 . This table contains 12 routes with the highest probability of the 64 routes that resulted from the inference.
Index i of the p i
new route is given in the first column. The column "Potential" contains the sum of weights of all rules in the "Conditions" column.
Analysis new had probability of 0.1298 and contained the following sequence of works: application for repair of the device (1); disassembly of the device (2); fault diagnostics (3); transition of the faulty assembly to warranty repair (10); replacement of the assembly or the component (6); reconciliation of repair with the customer (4); purchase of the assembly or the component (5); cleaning of the device (9); assembly of the device (7); payment and transfer of the device to the customer (8) .
This route largely reflected the logic of service in the event that the component needed for repair was in stock: at first, replacement was done and then the component was purchased. The route also included an action to reconciliate repair with the customer. In practice, such a reconciliation may take place in the case of replacement of the faulty component, not by the same but by one with similar characteristics.
The route p 11 new had probability of 0.1243 and included the following key actions after transition to the warranty repair: purchase of the assembly or the component (5); Replacement of the assembly or the component (6); cleaning of the device (9) . This route fully reflected logic of the warranty repair.
The route p 10 new had probability of 0.0573 and combined the action of cleaning the device (9) as well as the sequence of works from the route p 1 . This route fully reflected logic of the warranty repair.
The route p 9 new had probability of 0.0573 and contained a sequence of works from the route p 1 . This route fully reflected logic of the warranty repair.
Discussion of the results obtained in the study of the method of probabilistic inference
The method of probabilistic logical inference obtained in the study uses the knowledge representation based on Table 5 Results of the probabilistic inFerence i Event index Potential
